Endoxifen, the primary active metabolite of tamoxifen, is currently being investigated as a novel endocrine therapy for the treatment of breast cancer. Tamoxifen is a selective estrogen receptor modulator that elicits potent anti-breast cancer effects. However, long-term use of tamoxifen also induces bone loss in premenopausal women and is associated with an increased risk of endometrial cancer in postmenopausal women. For these reasons, we have used a rat model system to comprehensively characterize the impact of endoxifen on the skeleton and uterus. Our results demonstrate that endoxifen elicits beneficial effects on bone in ovary-intact rats and protects against bone loss following ovariectomy. Endoxifen is also shown to reduce bone turnover in both ovaryintact and ovariectomized rats at the cellular and biochemical levels. With regard to the uterus, endoxifen decreased uterine weight but maintained luminal epithelial cell height in ovariectomized animals. Within luminal epithelial cells, endoxifen resulted in differential effects on the expression levels of estrogen receptors a and b as well as multiple other genes previously implicated in regulating epithelial cell proliferation and hypertrophy. These studies analyze the impact of extended endoxifen exposure on both bone and uterus using a Food and Drug Administrationrecommended animal model. Although endoxifen is a more potent breast cancer agent than tamoxifen, the results of the present study demonstrate that endoxifen does not induce bone loss in ovary-intact rats and that it elicits partial agonistic effects on the uterus and skeleton in ovariectomized animals. (Endocrinology 158: 3354-3368, 2017) 
Endoxifen, similar to its parent compound tamoxifen, falls into the class of molecules known as selective estrogen receptor modulators (SERMs). SERMs interact with ERa and ERb to elicit their biological functions and are defined by their ability to exert agonistic and antagonistic effects in a tissue-dependent manner (11) . These diverse functions of SERMs result primarily from structural and conformational changes in the ERs upon binding, resulting in differential recruitment of transcriptional coactivators and corepressors (12) (13) (14) (15) (16) (17) . In addition to their use as breast cancer treatments, SERMs are also clinically used for other estrogen-related disorders such as osteoporosis and vasomotor symptoms associated with menopause (18, 19) .
With regard to bone, a wealth of literature exists demonstrating that a number of SERMs can protect against bone loss following estrogen depletion in various animal models and act to preserve bone mass in postmenopausal women [reviewed in (20) (21) (22) ]. In contrast, the use of tamoxifen in the premenopausal setting is known to result in bone loss (23) (24) (25) (26) . For these reasons, a number of SERMs have been approved for the treatment of postmenopausal osteoporosis (27, 28) , and tamoxifen remains the drug of choice for the treatment of postmenopausal breast cancer patients with low bone mass (29) . Despite these positive effects of SERMs, long-term use of compounds such as tamoxifen are also known to elicit negative side effects such as the increased risk of endometrial cancers in postmenopausal women (30) (31) (32) (33) (34) .
Endoxifen has substantially higher affinity for the ERs compared with tamoxifen, and we and others have demonstrated that endoxifen elicits differential gene expression profiles and more potent antiestrogenic effects compared with tamoxifen (2, 7, 35, 36) . For these reasons, one could speculate that endoxifen may also have differential effects in other tissues. Given that endoxifen is being investigated as a novel breast cancer therapy for which multiple clinical trials are currently ongoing (NCT02311933, NCT01327781, and NCT01273168), it is essential to determine the impact of endoxifen on other target tissues such as the bone and uterus. In the present study, we have used a rat model system to assess the effects of endoxifen on the skeleton and uterus in both ovary-intact and ovariectomized animals. Our data demonstrate that endoxifen exposure does not induce bone loss in ovary-intact rats and protects against bone loss following ovariectomy. With regard to the uterus, endoxifen reduced uterine weight in ovary-intact rats with no effect on epithelial cell height in these animals. In contrast, endoxifen had no effect on uterine weight in ovariectomized animals, but maintained epithelial cell height equivalent to that of sham controls.
Materials and Methods

Animals and experimental design
Thirty sham-operated and 20 ovariectomized 4-month-old Sprague-Dawley rats were purchased from Harlan Laboratories (Indianapolis, IN) and were housed in a temperature-controlled room (22 6 2°C) with a light/dark cycle of 12 hours. Animals had free access to water and were fed ad libitum standard laboratory chow. Ten sham-operated rats were sacrificed at the start of the study and served as baseline controls. The remaining rats were randomized to four groups consisting of 10 animals per group as follows: (1) ovary intact (sham) plus vehicle control (0.375 mg/mL ascorbic acid), (2) ovary intact (sham) plus z-endoxifen-hydrochloride (endoxifen) (10 mg/kg/d), (3) ovariectomized plus vehicle control and, (4) ovariectomized plus endoxifen. Animals were treated with vehicle or endoxifen via oral gavage once daily for 34 days. Fresh vehicle control (0.375 mg/mL ascorbic acid) and endoxifen solutions (solubilized in 0.375 mg/mL ascorbic acid) were prepared weekly in sterile water and stored in the dark at 4°C. Purified z-endoxifenhydrochloride was synthesized by the National Cancer Institute and obtained through the Developmental Therapeutics Program (NSC 750393). For histomorphometry, declomycin (15 mg/kg) was administered subcutaneously at start of treatment whereas calcein (15 mg/kg) was administered 8 and 2 days prior to euthanasia. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The Mayo Clinic Institutional Animal Care and Use Committee approved all animal care and experimental procedures described in this study (protocol A22112).
Tissue collection
Following 34 days of treatment, rats were anesthetized using isoflurane and subsequently sacrificed using CO 2 . Blood was collected via terminal bleeds from all rats, and serum was separated and stored at 270°C until the time of analysis. Tibiae and fifth lumbar vertebrae were dissected out from each animal and cleaned of soft tissue. Bones were fixed in 10% neutral buffered formalin overnight, transferred to 70% ethanol, and stored at 4°C for microcomputed tomography (micro-CT) and histomorphometric evaluation.
Serum levels of endoxifen
Serum endoxifen concentrations were determined using a validated high-performance liquid chromatography assay as previously described (37) .
Micro-CT
Micro-CT was used for nondestructive high-resolution threedimensional evaluation of cortical and cancellous bone volume and architecture. Tibiae and lumbar vertebrae were scanned in 70% ethanol at a voxel size of 16 mm 3 16 mm 3 16 mm (55 kVp x-ray voltage, 145 mA intensity, and 200 ms integration time) using a mCT40 scanner (Scanco Medical, Basserdorf, Switzerland). Filtering parameters s and support were set to 0.8 and 1, respectively. Bone segmentation was conducted at a threshold of 245 (scale, 0 to 1000) determined empirically. Cancellous bone in the proximal tibia metaphysis and cortical bone in the tibia diaphysis were evaluated. For assessment of cortical bone, 62 slices (992 mm in length) in the tibial midshaft diaphysis were measured and cross-sectional volume (mm 3 ), cortical volume (mm 3 ), marrow volume (mm 3 ), cortical thickness (mm), periosteal perimeter (mm), and endosteal perimeter (mm) were determined. For assessment of cancellous bone, 75 slices (1200 mm in length) in the proximal tibial metaphysis, starting 150 slices (2400 mm) distal to the growth plate, were measured. Analysis of the lumbar vertebra included the entire region of secondary spongiosa between the cranial and caudal growth plates (245 6 2 slices, 3424 6 32 mm, mean 6 standard error of the mean). Cancellous bone measurements in tibia and lumbar vertebra included cancellous bone volume fraction (bone volume/tissue volume, %), connectivity density (1/mm 3 ), trabecular thickness (mm), trabecular number (1/mm), and trabecular spacing (mm).
Histomorphometry
Methods used for measuring static and dynamic bone histomorphometry were as previously described (38) . In brief, proximal tibiae were dehydrated in a graded series of ethanol and xylene and embedded undecalcified in modified methyl methacrylate. Longitudinal sections (4 mm thick) were cut with a vertical bed microtome (Leica 2065) and affixed to slides precoated with 1% gelatin solution. One section per animal was mounted unstained for measurement of fluorochrome labels. One section per animal was stained for tartrate-resistant acid phosphatase and counterstained with toluidine blue (SigmaAldrich, St. Louis, MO) and used for cell-based measurements. All data were collected using the OsteoMeasure system (OsteoMetrics, Atlanta, GA). The sampling site in the proximal tibia metaphysis (cancellous bone) was located 0.5 mm distal to the growth plate and measured 2.5 6 0.1 mm 2 . The sampling site in the tibial diaphysis (cortical bone) was located 4.8 to 5.5 mm distal to the growth plate. Fluorochrome-based measurements of bone formation included mineralizing perimeter (mineralizing perimeter/bone perimeter: cancellous bone perimeter covered with double plus half single label normalized to bone perimeter, %); mineral apposition rate (the distance between two fluorochrome markers that comprise a double label divided by the 34-day interlabel interval for cortical endosteum and periosteum or 6-day interlabel interval for cancellous bone, mm/d); and bone formation rate (bone formation rate/bone perimeter: calculated by multiplying mineralizing perimeter by mineral apposition rate normalized to bone perimeter, mm 2 / mm/y). Osteoclast perimeter (osteoclast perimeter/bone perimeter, %) was also measured and osteoclasts were identified as multinucleated (two or more nuclei) cells with acid phosphatase-positive (red-stained) cytoplasm in contact with the bone surface. All bone histomorphometric data are reported using standard two-dimensional nomenclature (39) .
Biochemical markers of bone turnover
The serum levels of a bone formation marker, procollagen type 1 amino-terminal propeptide (P1NP), and a bone resorption marker, C-telopeptide of type I collagen (CTX-1), were quantitated using enzyme-linked immunosorbent assay kits from ImmunoDiagnostic Systems (Fountain Hills, AZ) as described by the manufacturer. All assays were performed in duplicate for each animal and averaged among the four treatment groups.
Uterine weight and histology
Following euthanasia, uteri were dissected from all rats and wet weights were immediately determined. Subsequently, uteri were divided in half and placed in either 10% neutral buffered formalin for fixation and histological analysis or in TRIzol for RNA extraction and gene expression analysis. Following fixation, uteri were paraffin embedded, processed using standard procedures, sectioned (5 mm), and stained with hematoxylin and eosin (H&E). Using H&E-stained sections, luminal epithelial cell height was determined for each animal using a light microscope with a total of 10 measurements acquired per specimen. Mean epithelial cell height values were calculated for individual animals and subsequently averaged among treatment groups.
RNA isolation and real-time polymerase chain reaction analysis
Immediately following dissection, half of each rat uterus was sheared in TRIzol (Invitrogen) using an Ultra-Turrax homogenizer (Laboratory Supply Network, Inc., Atkinson, NH), and total RNA was isolated as specified by the manufacturer. RNA was quantitated using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). A total of three RNA samples were generated for each treatment group by combining equal amounts of RNA originating from three individual rats. Complementary DNA was synthesized using the iScript complementary DNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). Real-time polymerase chain reaction (PCR) was performed in triplicate as previously described (35), and values were normalized using TBP as a control. All PCR primers were designed using Primer3 software (http://frodo.wi.mit.edu/ primer3/) and were purchased from Integrated DNA Technologies (Coralville, IA). Primer sequences are listed in Table 1 .
Immunohistochemistry
Five-micrometer sections were cut from paraffin-embedded rat uteri for immunostaining and analysis as previously described (37) . Immunohistochemistry (IHC) stains were performed on a Leica Bond-III stainer using a monoclonal ERa 1D5 antibody (1:200 dilution; Dako, Carpinteria, CA) and and a monoclonal ERb1 PPG5/10 antibody (1:100 dilution; Thermo Scientific, Waltham, MA). Additional antibody information is listed in Table 2 . Images were acquired using a light microscope.
Statistical analysis
The effects of treatment and ovarian status (surgery) were assessed using two-way analysis of variance. Where an interaction between treatment and surgery was identified, pairwise comparisons were conducted to determine whether ovariectomy, or endoxifen treatment of sham or ovariectomized rats, significantly altered a given parameter. Such significant differences are indicated on graphs by solid lines. In the absence of an interaction, no pairwise comparisons were made, but a secondary set of analyses was conducted to identify differences due to surgery or treatment of a given parameter. All graphs depict group means and standard error of the means. Significance was defined as P , 0.05.
Results
Serum endoxifen concentrations
To ensure drug availability and equivalent exposure of sham and ovariectomized endoxifen-treated rats, the circulating levels of z-endoxifen were assessed in the serum using high-performance liquid chromatography. As expected, little to no endoxifen was detected in the serum of vehicle-treated rats ( Fig. 1) . In drug-treated rats, equivalent levels of circulating endoxifen (23 ng/mL) were detected in both sham-operated and ovariectomized animals ( Fig. 1) .
Micro-CT analysis of tibiae and vertebrae
The effects of endoxifen on cancellous and cortical bone microarchitecture in the tibia, and cancellous bone in the vertebra, were first analyzed using micro-CT. Within the proximal tibia metaphysis, no significant interaction between treatment and surgery was detected for any of the parameters analyzed. Ovariectomy resulted in decreased cancellous bone volume/tissue volume (BV/ TV), connectivity density, and trabecular number with a corresponding increase in trabecular spacing ( Fig. 2A) . Endoxifen treatment resulted in higher BV/TV, connectivity density, and trabecular number and lower trabecular spacing ( Fig. 2A) . Representative micro-CT images of cancellous bone in the tibial metaphysis are shown in Fig. 2B . Relative to baseline control animals, endoxifen had no effect on BV/TV in the proximal tibial metaphysis in ovary-intact rats but attenuated bone loss following ovariectomy (Supplemental Table 1 ). As with the cancellous bone measurements, there was no significant interaction between treatment and surgery for any of the cortical bone parameters analyzed at the tibial diaphysis (Fig. 2C) . Cross-sectional volume, cortical volume, marrow volume, cortical thickness, periosteal perimeter, and endosteal perimeter did not differ between surgical groups (Fig. 2C ). Significantly lower cross-sectional volume, cortical volume, cortical thickness, and periosteal perimeter were detected in endoxifen-treated rats compared with vehicle-treated control animals (Fig. 2C) . However, these same parameters did not differ between endoxifen-treated rats and baseline control animals, indicating that endoxifen attenuates bone accrual at this site (Supplemental Table 1 ). Representative micro-CT images of cortical bone in the tibial diaphysis are shown in Fig. 2D .
The effects of endoxifen on cancellous bone were also analyzed in the fifth lumbar vertebra (Fig. 3) . As with the tibia, there were no significant interactions detected between surgery and treatment groups for any of the parameters analyzed. However, BV/TV was lower and connectivity density was higher in ovariectomized rats compared with sham-operated controls (Fig. 3A) . Endoxifentreated animals also displayed significantly higher BV/TV and trabecular number, with a concomitantly lower trabecular spacing, relative to vehicle-treated controls (Fig. 3A) . Representative micro-CT images of cancellous bone in the fifth lumbar vertebra are shown in Fig. 3B . As with the proximal tibial metaphysis, endoxifen had no effect on BV/ TV in ovary-intact rats and attenuated bone loss in ovariectomized rats (Supplemental Table 1 ).
Bone histomorphometry
To explore the effects of endoxifen on the skeleton at the cellular level, we evaluated bone formation and resorption indices using static and dynamic histomorphometric analysis on cancellous bone in the tibial metaphysis (Fig. 4A) . A significant interaction between treatment and surgery was detected for mineralizing perimeter per bone perimeter (M.Pm/B.Pm), bone formation rate per bone perimeter (BFR/B.Pm), and osteoclast perimeter per bone perimeter (Oc.Pm/B.Pm) (Fig. 4A) .
Ovariectomy resulted in significantly higher M.Pm/B.Pm, BFR/B.Pm, and Oc.Pm/B.Pm relative to sham-operated controls (Fig. 4A) . Endoxifen treatment resulted in lower M.Pm/B.Pm and BFR/B.Pm in both sham-operated and ovariectomized rats as well as Oc.Pm/B.Pm in ovariectomized rats (Fig. 4A) . A significant interaction between treatment and surgery was not indicated for mineral apposition rate (MAR); however, this parameter was significantly higher in ovariectomized rats and significantly lower in endoxifen-treated animals (Fig. 4A) . To assess the role of endoxifen on cortical bone accrual, we evaluated bone formation at the periosteal and endosteal surfaces of the tibial diaphysis. A significant interaction between treatment and surgery was detected for periosteal MAR and BFR/B.Pm (Fig. 4B) . Ovariectomy resulted in significantly higher periosteal MAR and BFR/B.Pm relative to sham-operated controls (Fig. 4B) . Endoxifen treatment resulted in lower periosteal MAR and BFR/ B.Pm in both sham-operated and ovariectomized rats (Fig. 4B) . A significant interaction between treatment and surgery was not indicated for periosteal M.Pm/B.Pm or any of these parameters as measured on the endosteal surface. However, periosteal M.Pm/B.Pm was significantly lower in endoxifen-treated animals (Fig. 4B ). Representative images for both the periosteal and endosteal surfaces of the tibial diaphysis are shown in Fig. 4C .
Biochemical analysis of bone turnover markers
To parallel our histomorphometric analyses, we also quantitated the serum levels of a global bone formation (P1NP) and global bone resorption (CTX-1) marker. As with the dynamic histomorphometric analyses, a significant interaction between treatment and surgery was detected for both of these serum markers (Fig. 5) . Endoxifen treatment resulted in substantially lower circulating levels of P1NP in both sham-operated and ovariectomized rats (Fig. 5) . Additionally, endoxifen resulted in lower CTX-1 levels in ovariectomized animals (Fig. 5) . These data correlate well with the results of the histomorphometric studies described earlier and indicate that endoxifen suppresses bone turnover in ovariectomized rats.
Uterine response to endoxifen
In addition to bone, SERMs are known to impact the uterus. As a first step toward elucidating the effects of endoxifen on this organ in our model system, we examined uterine weights. A significant interaction was detected between treatment and surgery groups (Fig. 6A) . As expected, uterine wet weight was substantially lower in ovariectomized rats compared with sham-operated controls (Fig. 6A) . Endoxifen treatment resulted in substantially lower uterine weight in intact rats, but it had no effect in ovariectomized animals (Fig. 6A) . As an extension of these studies, luminal epithelial cell height was also determined. As shown in Fig. 6B , an interaction was again detected between treatment and surgical groups.
Ovariectomy resulted in significantly lower epithelial cell height whereas endoxifen treatment resulted in significantly higher epithelial cell height only in ovariectomized rats (Fig. 6B) . Representative H&E-stained sections of the uterus depicting the luminal epithelium are shown for each of the four animal groups in Fig. 6C .
Uterine expression of ERs following endoxifen treatment
Given that SERMs elicit their effects through the actions of ERs, and because ERa and ERb play important biological roles in the uterus (38), we examined the expression of these two nuclear receptors at the messenger RNA (mRNA) and protein level. As shown in Fig. 7A , no interaction between surgery and treatment was detected for ERa expression. However, ERa expression levels were significantly lower in ovariectomized rats compared with sham-operated animals and in endoxifen-treated rats compared with vehicle-treated controls (Fig. 7A) . A significant interaction between treatment and surgery was detected for ERb expression. Ovariectomy resulted in lower levels of ERb mRNA compared with sham-operated controls (Fig. 7A) . Endoxifen treatment resulted in higher ERb expression in intact rats but lower expression in ovariectomized rats (Fig. 7A) . These patterns of expression were observed for both ERa and ERb at the protein level as determined by IHC analysis, and representative images are shown for each treatment group in Fig. 7B .
Effect of endoxifen on uterine gene expression
To further examine the impact of endoxifen on the uterus, we next determined the expression levels of genes known to be regulated by estrogen and/or SERMs in the organ. Significant interactions between treatment and surgery were detected for all of the genes analyzed with the exception of insulinlike growth factor 1 receptor (IGF1R) (Fig. 8) . Progesterone receptor (PGR), secreted frizzled related protein (SFRP)1, and aldehyde dehydrogenase 1 family member A2 (RALDH2) expression levels were lower, whereas insulinlike growth factor 1 (IGF1) levels were higher, in ovariectomized rats compared with sham-operated animals (Fig. 8) . In intact rats, the expression levels of PGR, SFRP, and RALDH2 were decreased by endoxifen treatment whereas IGF1 levels were increased (Fig. 8) . In ovariectomized animals, endoxifen treatment significantly increased the expression of PGR and IGF1 and decreased the expression of proliferating cell nuclear antigen (PCNA) (Fig. 8) . Although no interaction was detected for IGF1R, endoxifentreated animals exhibited significantly lower expression levels of this gene in the uterus relative to vehicle-treated controls (Fig. 8 ).
Discussion
Endoxifen is being investigated as a novel endocrine therapy for the treatment of ERa-positive breast cancer and is currently in phase I and II clinical trials (NCT02311933, NCT01327781, and NCT01273168).
In this study, we used ovary-intact and ovariectomized rats to comprehensively characterize the effects of endoxifen on bone and uterus. Endoxifen treatment resulted in reduced bone turnover in ovary-intact and ovariectomized rats. These findings are consistent with prior studies evaluating SERM and estrogen impacts on bone (23) . With regard to the uterus, endoxifen treatment decreased uterine weight, with no significant effects on epithelial cell height, in ovary-intact rats. In ovariectomized rats, endoxifen had no effect on uterine weight but maintained epithelial cell height at levels similar to those of ovary-intact animals. Endoxifen also regulated the expression of important genes in the uterus, including suppression of ERa expression in both ovary-intact and ovariectomized rats. Interestingly, endoxifen treatment increased expression of ERb in ovaryintact rats and attenuated the expression of ERb following ovariectomy. Previously, we have examined the effects of endoxifen on bone using ovariectomized C57BL/6 mice. Our results demonstrated that an anticancer dose of endoxifen increased total body bone mineral content and bone mineral density with the largest changes observed in trabecular bone compartments (39) . In this mouse model, endoxifen treatment increased the numbers and activity of both osteoblasts and osteoclasts, suggesting that endoxifen increases bone turnover (39) . Although our previous studies were the first to shed light on the potential effects of endoxifen on bone, we did not examine the impact of endoxifen on other target tissues such as the uterus or determine the effects of endoxifen on the skeleton of ovary-intact animals. Furthermore, although the mouse is commonly used as a model system for characterizing the effects of novel drugs on organ systems, it does not recapitulate the effects of exogenous estrogens observed in humans. The sensitivity of mice to estrogen is well documented and as such mice are often used to test estrogenic activity of pharmacological agents. However, a seminal series of studies by Urist et al. (40) demonstrated that the skeletal response to estrogen in mice differs drastically from that of other mammals, including humans. For these reasons, we have used Sprague Dawley rats in the present study because they have accurately predicted the effects of SERMs on cancellous bone and uterus in humans (24, 41) .
Tamoxifen was originally developed in 1966 as a birth control drug for women. Although it ultimately failed as an effective contraceptive in humans, tamoxifen began to gain a foothold in 1971 where the first clinical study demonstrated a promising effect of this compound as a novel anti-breast cancer agent. Tamoxifen was later shown to result in bone preservation in healthy postmenopausal women, as it increased bone mineral Figure 8 . Gene expression analysis of ER target genes and proliferation markers in the uterus following 34 days of vehicle and endoxifen treatment. Reverse transcription PCR analysis of PGR, IGF1, IGF1R, PCNA, SFRP4, and RALDH2 in the ovary-intact and ovariectomized (OVX) rat uterus. The group means 6 standard error are depicted. P values for the main comparisons (surgery and treatment) are indicated when the interaction was not significant. For parameters with a significant interaction, pairwise comparisons were made between individual groups and statistically significant differences are indicated by solid lines. density in both the spine and hip (24) . However, in premenopausal women, tamoxifen exposure resulted in decreased bone density (24) . Nearly identical results have been observed in multiple studies examining the impact of tamoxifen on the skeleton of rats, lending confidence in the use of this animal model system for analyzing the impact of SERMs on bone (23, 24, 42) . In this study, we demonstrate that endoxifen also elicits bone-sparing effects in cancellous bone compartments of ovariectomized rats. Specifically, higher BV/TV, connectivity density, and trabecular number, as well as lower trabecular spacing, were observed in the tibial metaphysis following endoxifen treatment of ovariectomized rats compared with vehicletreated controls. The finding that connectivity density increases with loss of cancellous bone was unexpected but may arise from the selective removal of poorly connected trabeculae. Indeed, it has been shown that bone loss in the epiphysis, a site having highly connected trabeculae, is much lower than in the adjacent metaphysis that has lower connectivity (42) . Within the fifth lumbar vertebrae, our data also revealed that endoxifen treatment resulted in higher BV/TV and trabecular number, and lower trabecular spacing, in ovariectomized rats. In cortical bone, endoxifen treatment resulted in decreased cross-sectional volume, cortical volume, and cortical thickness at the tibial diaphysis of ovariectomized and sham-operated rats. These effects of endoxifen resemble those previously reported for tamoxifen in rats (23, 43) . Note that the lower cross-sectional volume in endoxifen-treated rats in our study was due to the suppressive effects of endoxifen on bone accrual, which would not be relevant to postmenopausal women. Rats used in this experiment (16 weeks at treatment initiation) were still growing and as such continued to accrue bone. We included cortical data to provide a more complete description of the skeletal response to endoxifen in this model. In growing rats, ovariectomy increases periosteal bone formation, and this response has been shown to be antagonized by estrogen and partial estrogen agonists such as tamoxifen (44) (45) (46) (47) . Furthermore, we found that endoxifen maintains cancellous BV/TV at baseline levels in ovary-intact rats and attenuates bone loss in ovariectomized rats (Supplemental Table 1 ).
In the ovary-intact rat, our studies revealed that endoxifen treatment resulted in higher BV/TV, connectivity density, and trabecular number as well as lower trabecular spacing. Similar trends were observed for BV/ TV, trabecular number, and trabecular spacing in the fifth lumbar vertebrae of ovary-intact animals. With regard to cortical bone, cross-sectional volume, cortical volume, and cortical thickness were lower following endoxifen treatment. Similar to ovariectomized rats, the lower cortical bone parameters were due to suppression of bone accrual. These effects of endoxifen on cancellous bone in ovary-intact rats are in contrast to what is known to occur following tamoxifen treatment in rats in which substantial losses of cancellous bone, upwards of 30%, are observed (23, 48) . Furthermore, tamoxifen is known to result in accelerated bone loss in premenopausal women due to suppression of estrogen signaling (24, 49, 50) . Should endoxifen continue to move forward as a novel endocrine therapy for breast cancer, the present data suggest that one of the major negative side effects of tamoxifen in premenopausal patients (bone loss) may be less of a concern with the use of endoxifen.
At the cellular level, our studies indicate that endoxifen exposure results in more robust decreases in M.Pm/B.Pm, BFR/B.Pm, MAR, and Oc.Pm/B.PM in ovariectomized rats compared with sham-operated controls. These cellular changes were also reflected at the biochemical level where serum levels of a bone formation marker (P1NP) and a bone resorption marker (CTX-1) were significantly reduced following endoxifen treatment in ovariectomized rats. These effects of endoxifen on global bone formation and resorption in ovariectomized rats are similar to those previously reported for tamoxifen in preclinical rat models (23, 51) .
With regard to the uterus, our data demonstrate that endoxifen treatment resulted in decreased uterine wet weight in ovary-intact rats with no effects on uterine weight in ovariectomized animals. These data are in agreement with a previous report in which short-term treatment (3 days) of ovariectomized rats with endoxifen also had no effect on uterine weight (52) . However, our data contrast that of tamoxifen treatment, which is known to increase uterine wet weight in ovariectomized rat models (53) (54) (55) . Although endoxifen treatment had no effect on uterine weight in ovariectomized rats, increased luminal epithelial cell height was observed. These data are in agreement with previous reports examining the impact of endoxifen and tamoxifen on luminal epithelial cell height in the uterus of ovariectomized rats (52, 54, 55) . In ovary-intact animals, tamoxifen treatment has been shown to dramatically increase uterine luminal epithelial cell height (56) , an effect that was not observed in the present study following endoxifen treatment. Despite the fact that endoxifen is a much more potent antiestrogen than tamoxifen in breast cancer (7, 35, 36) , its effects on the uterus in the present study appear to be reduced as compared with that reported for tamoxifen.
Uterine epithelial cell hypertrophy and proliferation in response to estrogen or SERMs is mediated, at least in part, by the estrogen receptors and their impact on downstream growth factors and target genes. Following endoxifen treatment, we have demonstrated that ERa and ERb mRNA and protein expression are reduced in ovariectomized rats, whereas ERb expression is elevated in intact animals. The reduction in ERa levels following endoxifen treatment correlate well with previous studies from our laboratory demonstrating that endoxifen treatment of breast cancer cells also results in decreased ERa levels (7) . The increased expression of ERb in ovary-intact rats was inversely correlated with uterine weight. Given the known roles of ERb as a growth inhibitor (36, 57) and the fact that ERb knockout mice have increased epithelial hypertrophy (58, 59) , it is possible that induction of this form of the estrogen receptor by endoxifen contributes to decreased uterine weight. It is also interesting to note that endoxifen treatment of mice resulted in increased ERb expression in bone marrow stromal cells (39) , suggesting that part of endoxifen's mechanism of action may be through regulation of ERb expression levels. Conversely, endoxifen treatment attenuated the increase in ERb expression following ovariectomy. These opposing effects of endoxifen on ERb expression may be due to differences in the hormonal milieu in intact and ovariectomized animals, a possibility that requires further investigation.
Uterine expression of the progesterone receptor, a well-characterized marker of estrogen signaling, was decreased following endoxifen treatment in ovary-intact rats but was increased in ovariectomized animals. Previous studies have demonstrated that tamoxifen induces IGF1 expression in the uterus, and it is thought that increased levels of IGF1 may contribute to the increased risk of endometrial cancer in tamoxifen-treated women (54, 60) . The present data demonstrate that endoxifen enhances IGF1 expression in the rat uterus; however, expression of the IGF1 receptor was significantly decreased by endoxifen and could therefore negate the growthpromoting effects of IGF1 in this tissue. We also analyzed the expression levels of PCNA, a well-characterized cell proliferation marker in the uterus (61) . Our data demonstrate that endoxifen did not affect the expression of PCNA in ovary-intact rats but significantly decreased its expression in ovariectomized animals. The data are in contrast to the effects of tamoxifen, which has been shown to induce PCNA expression in the uterus of ovariectomized rats (54) , and add further evidence that endoxifen functions differently than tamoxifen in this tissue. We also examined the expression of two other estrogen regulated genes, SFRP4 and RALDH2 (62, 63) , and demonstrated that endoxifen repressed the expression of these factors in the ovary-intact rat uterus to levels similar to those of estrogen depletion following ovariectomy. However, endoxifen did not induce these two genes in ovariectomized rats. These data, in combination with the uterine weight and epithelial cell height data, suggest that endoxifen functions as a partial estrogen agonist in the uterus.
Based on past work demonstrating superior antibreast cancer effects of endoxifen compared with tamoxifen in cell lines and animal models (2, 7, 35, 36) , a novel formulation of endoxifen has been developed and phase I and phase II clinical trials are ongoing at both the Mayo Clinic and National Cancer Institute. In the present study, we have used a rat model system and show that endoxifen reduces bone turnover in ovary-intact and ovariectomized animals. With regard to the uterus, endoxifen did not increase uterine wet weight in ovariectomized rats as is the case for tamoxifen, and it also resulted in suppression of a number of estrogen-regulated and proproliferative genes. Taken together, these data suggest that some of the known negative side effects of tamoxifen (bone loss in premenopausal women and increased risk of endometrial cancer in postmenopausal women) may be reduced with the use of endoxifen. The relevance of these findings is further magnified by the fact that maintenance of bone mass in breast cancer patients is of critical importance, and the identification of breast cancer therapies that either do not affect the skeleton, or elicit beneficial effects on this tissue, continues to represent a critical unmet clinical need. Future studies are required to fully elucidate the dose-dependent effects of endoxifen on the human skeleton and uterus.
